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Abstract
Quarter-wave retarders (QWR) that employ total internal reflection (TIR) and interference
of light in a transparent thin-film coating at the base of a prism are presented. Explicit
equations that guide the optimal design are provided. The optimal refractive index and
normalized thickness of QWR coatings on glass and ZnS prisms are determined as functions
of the internal angle of incidence from 45o to 75o. An achromatic QWR that uses an Si3N4-
coated N-BK10-Schott glass prism is also presented with retardance error of < 3o over the
400-600 nm wavelength range.
An iterative procedure for the design of a polarizing beam splitter (PBS) that uses a
form-birefringent, subwavelength-structured, one-dimensional photonic-crystal layer (SWS
1-D PCL) embedded in a high-index cubical prism is presented. The PBS is based on index
matching and total transmission for the p polarization and total internal reflection for the s
polarization at the prism-PCL interface at a 45o angle of incidence. A high extinction ratio
in reflection (>50 dB) over the 4-12 µm IR spectral range is achieved using a SWS 1-D PCL
of ZnTe embedded in a ZnS cube within an external field of view (FOV) of ±6.6o and in
the presence of grating filling factor errors of up to ±10%. Comparable results, but with a
wider field of view, are also obtained with a Ge PCL embedded in a Si prism. A design for
visible spectrum (553–713 nm) PBS SWS 1-D PCL of ZnTe embedded in a ZnS cube is also
presented. The PBS shows a FOV of ±7o.
A circular polarizing beam splitter (CPBS) with equal throughput for p and s polariza-
tion using SWS 1-D PCL embedded in a high-index cubical prism is introduced. A dual
QWR in transmission and reflection with 50–50% CPBS is designed using the PCL. Such a
xvii
CPBS shows large deviation from the design point as a result of small changes in the design
parameters; e.g. a change of ≈ 10% in the filling factor results in > 12o shift from the 90o
phase shift between p and s polarizations, which limits the practical utility of the device.
Keywords: Beam Splitters, Form Birefringence, Gratings, Photonic Crystal, Polarization,
Quarter-Wave Retarder.
xviii
Chapter 1
Introduction
1.1 Motivation
High extinction ratio and wide field of view (FOV) are important features of polarizing beam
splitters (PBS). Use of photonic-crystal layers embedded in high-refractive-index cubic prism
enable PBS with high extinction ratio and wide FOV over an extended range of wavelengths.
This is demonstrated in detail in Chapters 3–6.
1.2 Quarter-Wave Retarders
Quarter-wave retarders are widely used for changing the state of polarization of incident light
by introducing a 90o phase shift between the two orthogonal p and s linear polarizations [1]-
[2]. QWR can be achieved by transmission through wave-plates [3] or by using QWR prisms
of different designs that employ one or multiple total internal reflection (TIR) reflection
[4]-[10].
To achieve QWR on a single TIR at a dielectric-dielectric interface requires a refractive
index ratio ≥ √2 + 1 = 2.414 [11]. A non-interference-coating may be used to attain QWR
on a single TIR [12]. However, an interference-coating significantly alters the phase shifts
that accompany TIR, hence introducing flexibility that can be exploited in the design of
QWR [13],[14].
1
In Chapter 2 we introduce a new analytical approach for the design of TIR QWR using
a single-layer interference coating and provide several examples of its application.
1.3 Photonic Crystals
Photonic crystals are periodic structures that consist of different refractive index materials.
The variation of the refractive index can be along one, two, or three axes, as shown in Fig.
1.1 [20]. Photonic crystals are presentd as one dimensional (1-D) [21]-[23], two dimensional
(2-D) [24]-[29], or three dimensional (3-D) [30]-[32].
Figure 1.1: Simple examples of one-, two-, and three-dimensional photonic crystals. Different
colors represent different refractive indices.
The use of photonic crystals is spread out in many applications that include polarizing
beam splitters [33]-[37], polarizers [40]-[41], polarization rotators [42]-[43], wave retarders
[44]-[46], photonic-crystal fibers [48]-[49], and anti-reflection coatings [50]-[53].
1.4 Polarizing Beam Splitters
PBSs are used to separate the orthogonal p and s linear polarization components of an
incident light beam into two beams that travel in different directions. Conventional PBSs
employ crystal optics [1] or multilayer interference coatings that are embedded in a prism
2
[54]-[58]. More recently, PBSs that use diffraction gratings [59]-[63] and photonic crystals
[33]-[37] have also been introduced.
In Chapters 3–6 PBSs are introduced that use the form birefringence of subwavelength-
structured (SWS) layers embedded in a high-index prism. The non-diffracting SWS 1-D
photonic–crystal layer (PCL) is equivalent to a homogeneous uniaxial crystal with the optic
axis normal to the plane of incidence. The p polarization is totally transmitted and the s
polarization is totally internally reflected.
1.5 Applications of Polarizing Beam Splitters
PBSs are used in the division–of–amplitude polarimeter [38] as shown in Fig. 1.2 to measure
the stokes parameters of light which describe its state of polarization.
Also, PBSs are used in optical storage systems. The PBS divide the incident light into
two beams to reduce the optical noise. One beam is used to monitor the light intensity and
the other is used to read and write the data on the disk [39].
1.6 Circular Polarizing Beam Splitter
A circular polarizing beam splitter (CPBS) is used to separate an incoming linearly polarized
beam into two circularly polarized beams that travel in different directions. CPBSs that em-
Figure 1.2: A setup of a division–of–amplitude polarimeter
3
ploy liquid-crystal gratings [64], symmetrically coated pellicles [65], frustrated total internal
reflection by an embedded symmetric trilayer [66], optical tunneling through an embedded
film [67], or photonic crystal [68] have also been introduced.
In Chapter 7 a 50-50% BS with dual quarter-wave retarder in reflection and transmission
is introduced that uses the form birefringence of a SWS embedded PCL in a high-index
prism. The non-diffracting SWS 1-D PCL is equivalent to a homogeneous uniaxial crystal
with the optic axis normal to the plane of incidence. Finally, Chapter 8 gives a brief summary
of the work.
4
Chapter 2
Quarter-Wave Retarders Based on Total Internal Re-
flection and Light Interference in Single-Layer Coating
2.1 Introduction
Quarter-wave retarders are used to alter the state of polarization of incident light from linear
to circular or vice versa by introducing a 90o phase shift between the two orthogonal p and
s linear polarizations.
2.2 Design Procedure
Figure 2.1: TIR of a monochromatic light beam of wavelength λ at an angle of incidence φ at the
base of a prism of refractive index n0 which is coated with a transparent thin film of refractive index
n1 and thickness d. The entrance and exit faces of the prism are anti-reflection coated (ARC). p and
s represent the orthogonal linear polarizations parallel and perpendicular to the plane of incidence,
respectively.
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Figure 2.1 shows the TIR of monochromatic light with wavelength λ at angle of incidence
φ at the base of a prism with refractive index n0 coated by a thick film layer with refractive
index n1 and thickness d. The outside ambient surrounding is assumed to be air (n2 = 1)
and the entrance and exit faces are assumed to have anti-reflection coating (ARC) and
normal to incident light. The complex amplitudes of the linear parallel polarization p and
perpendicular s polarization to the plain of of incidence [2] are given by
Rν =
r01ν + r12νX
1 + r01νr12νX
, ν = p, s. (2.1)
where r01ν and r12ν are Fresnel reflection coefficients at the prism-film and film-ambient
interfaces for the ν polarization, respectively, and
X = exp(−i2piς)
ς =
d
Dφ
(2.2)
Dφ =
λ
2
(n21 − n20 sin2 φ)−
1
2
TIR at the film-ambient interface requires that the angle of incidence φ02 > φc02 =
arcsin( 1
n0
), where φc02 is the critical angle of the prism–ambient (02) interface. Also, n1 > n0
is required to ensure partial reflection at the prism-film (01) interface so that light interference
is allowed in the coating film. Under these conditions, Rν in Eq. (2.1) are periodic functions
of film thickness d with period Dφ given in Eq. (2.2).
The reflection coefficients r01ν and r12ν of Eq. (2.1) can be expressed as functions of two
angles αν and δν ,
r01ν = tanαν ,
r12ν = exp(iδν), (2.3)
ν = p, s.
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In the Nebraska-Muller conventions [2],[15] αν and δν are restricted to the following ranges,
−45o ≤ αp ≤ 45o,
−45o ≤ αs ≤ 0, (2.4)
0 ≤ δp,s ≤ pi.
By substituting Eqs. (2.2) and (2.3) into Eq. (2.1), we obtain
Rν =
tanαν + exp(−iγν)
1 + tanαν exp(−iγν) ,
γν = 2piς − δν , (2.5)
ν = p, s.
From Eq. (2.5), RνR
∗
ν = −1, which confirms that TIR occurs at the coated base of the
prism. Consequently, Rν can be expressed as a pure phase factor,
Rν = exp(i∆ν), ν = p, s. (2.6)
In Eq. (2.6), ∆ν is the overall TIR phase shift for the ν polarization. From Eqs. (2.5) and
(2.6) we obtain
tan∆ν =
− cos(2αν) sin γν
sin(2αν) + cos γν
, ν = p, s. (2.7)
The differential retardance on TIR is given by
∆ = ∆p −∆s (2.8)
Taking the tangent of both sides of Eq. (2.8)
tan∆ =
tan∆p − tan∆s
1 + tan∆p tan∆s
(2.9)
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To achieve QWR (differential retardance of ∆ = ±pi
2
) on TIR, the denominator of Eq.(2.9)
should equal to zero, so that
tan∆p tan∆s = −1 (2.10)
Substituting Eq. (2.7) in Eq. (2.10)
cos γp cos γs + sin(2αp) cos γs + sin(2αs) cos γp + cos(2αp) cos(2αs) sin γp sin γs
+sin(2αp) sin(2αs) = 0, (2.11)
where αp, αs, δp, and δs are given by
αp =
pi
4
− arctan
{
n0(n
2
1 − n20 sin2 φ)
1
2
n21 cosφ
}
,
αs =
pi
4
− arctan
{
(n21 − n20 sin2 φ)
1
2
n0 cosφ
}
, (2.12)
γp = 2piς − 2 arctan
{
n21(n
2
0 sin
2 φ− 1) 12
(n21 − n20 sin2 φ)
1
2
}
,
γs = 2piς − 2 arctan
{
(n20 sin
2 φ− 1) 12
(n21 − n20 sin2 φ)
1
2
}
. (2.13)
Equation (2.11) represents the essential design condition for achieving QWR using TIR
by a single-layer-coated prism (Fig. 2.1). For given prism refractive index n0 and angle of
incidence φ, Eq. (2.11) can be written as
f(n1, ς) = 0 (2.14)
where f is a function of the refractive index n1 and normalized thickness ς of the interference
coating. As will be shown, there are infinitely many solutions for Eq. (2.11), but there is
only one optimal solution with minimum sensitivity to small changes of the normalized film
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thickness ς or wavelength λ.
2.3 Total Internal Reflection QWR Using Coated Glass Prism
A glass prism of refractive index n0 = 1.5 and an angle of incidence φ = 60
o are assumed in
our design of the QWR on TIR.
Figure 2.2 shows a plot of f(n1,ς) as the normalized thickness is varied 0 ≤ ς ≤ 1 for
constant values of n1 from 1.9 to 5.9 with uniform steps of 0.2. For each n1 curve in this range,
Eq. (2.11) has two solutions for ς [for n1 = 1.9, points A and B are the two solutions of Eq.
(2.14)]. The minimum value of n1 for which the two solutions overlap is n1min = 1.7924 and
the corresponding value of ς = 0.335 is represented by point C. This point of tangency with
the curve f(n1,ς)=0 represents the optimal choice of the film refractive index and thickness
as it indicates insensitivity to small changes of ς, hence tolerance to small film-thickness
errors or wavelength shifts. Suitable optical coating materials whose refractive index can be
tuned to the optimal value n1min = 1.7924 (e.g. by appropriate control of stoichiometry and
deposition conditions) include SiON [16] and Y2O3 [17].
Figure 2.3 shows the locus of all possible solutions of Eq. (2.14) for QWR coatings on
glass of refractive index n0 = 1.5 at an angle of incidence φ = 60
o. The optimal film coating
refractive index and thickness correspond to point C at the bottom of the curve.
Figure 2.4 shows optimal (minimum) refractive index n1min and associated normalized
thickness ς of thin-film coatings on a glass prism (n0 = 1.5) that achieve QWR on TIR at
angles of incidence φ that vary from 45o to 75o.
Figure 2.5 shows optimal (minimum) refractive index n1min and associated normalized
thickness ς of thin-film coatings on ZnS [18] prism (n0 = 2.35) that achieve QWR on TIR
at angles of incidence φ that vary from 45o to 75o.
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Figure 2.2: A plot of f(n1,ς) as a function of ς for constant value of n1 from 1.9 to 5.9 in a
uniform step of 0.2. For each n1 curve, Eq. (2.14) has two solutions for ς (for n1 = 1.9, points A
and B are the two solutions of Eq. (2.14)). The minimum value of n1, for which the two solutions
overlap is n1min = 1.7924 at point C.
2.4 Spectral Response of TIR QWR that Uses Right-Angle Prism of N-BK10
Glass Coated with Si3N4 Film
In this section we consider a design of QWR on TIR using a right-angle prism (φ = 45o)
of N-BK10 schott glass with refractive of index n0 = 1.5021 [19] at wavelength λ = 500 nm.
The calculated optimal value of the refractive index of the coating film n1 = 2.0607 matches
that of silicon nitride (Si3N4) [17] at wavelength λ = 500 nm, with the associated optimal
film thickness d = 43.66 nm.
Figure 2.6 shows the spectral response ∆ as a function of λ, for 400 ≤ λ ≤ 600 nm of TIR
QWR where the dispersion of coating film and prism refractive indices [16],[19] are taken
into account. QWR on TIR is achieved at the design wavelength λ = 500 nm and also at
the shorter wavelength λ = 409 nm, as represented by points P and Q, respectively. The
deviation of ∆ from exact QWR (∆ = 90o) is < 0.5o for 400 nm≤ λ ≤ 520 nm and ≈ 3o at
λ = 600 nm. Therefore, good achromatic performance is attained over a substantial portion
of the visible spectrum.
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Figure 2.3: Locus of all possible solutions of Eq. (2.14) is shown for coatings on glass of refractive
index n0 = 1.5 that achieve QWR on TIR at an angle of incidence φ = 60o. The optimal coating
is represented by point C.
Figure 2.4: Optimal (minimum) refractive index n1min and associated normalized thickness ς of
thin-film coatings on glass prism (n0 = 1.5) that achieve QWR on TIR at angles of incidence φ
that vary from 45o to 75o.
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Figure 2.5: Optimal (minimum) refractive index n1min and associated normalized thickness ς of
thin-film coatings on ZnS prism (n0 = 2.35) that achieve QWR on TIR at angles of incidence φ
that vary from 45o to 75o.
Figure 2.6: Spectral response ∆ versus λ of TIR QWR for a right-angle prism (φ = 45o) of
N-BK10 Schott glass with refractive index n0 = 1.5021 at λ = 500 nm. The base of the prism
is coated with a silicon nitride layer of refractive index n1 = 2.0607 (λ = 500 nm) and metric
thickness d = 43.66 nm. QWR is exactly achieved at wavelengths of λ = 500 and λ = 409 nm
(points P and Q, respectively).
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Chapter 3
Polarizing Beam Splitters Using Subwavelength-Structured
1-D PCL Embedded in High-Index Prism
3.1 Introduction
A polarizing beam splitter (PBS) separates the orthogonal p and s linear polarization com-
ponents of an incident light beam into two beams that travel in different directions.
3.2 Design Procedure
The 1-D PCL is shown in Fig. 3.1 with its optic axis parallel to the grating vector. Figure
3.1(a) shows the cross section of a 1-D PCL of thickness d that consists of rectangular grating
of a coating material of refractive index nc, grating period Λ, and filling factor f . The layer
is deposited on an optically isotropic substrate (prism) of refractive index n. Figure 3.1(b)
shows the PBS cube with the grating vector
−→
KG of the PCL normal to the plane of incidence.
p and s denote the linear polarizations parallel and perpendicular to the plane of incidence,
respectively.
With λ  Λ the 1-D PCL equivalent to a non-diffracting homogeneous uniaxial crystal
layer with its optic axis parallel to the grating vector. The effective, second-order, ordinary
(o) and extraordinary (e) refractive indices of the 1-D PCL with its optic axis parallel to the
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Figure 3.1: (a) Cross section of a 1-D PCL of thickness d that consists of a rectangular grating
of a coating material of refractive index nc, grating period Λ, and filling factor f . The layer is
deposited on an optically isotropic substrate (prism) of refractive index n. (b) PBS cube with
the grating vector
−→
KG of the PCL normal to the plane of incidence. p and s denote the linear
polarizations parallel and perpendicular to the plane of incidence, respectively.
grating vector are determined by [69],
n(2)o =
{
(n(1)o )
2 +
1
3
[
pi
Λ
λ
f(1− f)
]2
(n2c − 1)2
} 1
2
(3.1)
n(2)e =
{
(n(1)e )
2 +
1
3
[
pi
Λ
λ
f(1− f)
]2
(
1
n2c
− 1)2(n(1)e )6(n(1)o )2
} 1
2
(3.2)
where
n(1)o = (1− f + n2cf)
1
2
n(1)e = (1− f + f
1
n2c
)−
1
2 (3.3)
are the first–order indices that are independent of Λ/λ.
As shown in Fig. 3.1(b), the grating vector is normal to the plane of incidence and the
p polarization sees the ordinary index of PCL no = n
(2)
o [the superscript (2) is dropped for
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simplicity], and experiences zero reflection if
no = n, (3.4)
independent of the angle of incidence. The index-matching condition (between the substrate
index and the 1-D PCL ordinary index) of Eq.(3.4) allows the p polarization to be totally
transmitted. One the other hand, the s polarization sees the extraordinary refractive index of
PCL ne = n
(2)
e and experiences total internal reflection at the isotropic prism–PCL interface
if the critical angle φcs < 45
o, so that
φcs = sin
−1 x
x =
ne
n
<
1√
2
(3.5)
To avoid partial optical tunneling of the s polarization, the thickness d of the PCL must be
>> the penetration depth of the s component wave. This condition is assumed to hold and
interference effects in the PCL are ignored in this section. From Eqs. (3.4) and (3.5) we
obtain
ne = xno (3.6)
Finally, substitution of no and ne from Eqs. (3.1) and (3.3) in Eq. (3.6) yields one key
equation in the three design parameters x, nc, and f :
(1− f + f 1
n2c
)−1 +
1
3
[pi
Λ
λ
f(1− f)]2( 1
n2c
− 1)2(1− f + f 1
n2c
)−3(1− f + n2cf) =
x2
{
(1− f + n2cf) +
1
3
[pi
Λ
λ
f(1− f)]2(n2c − 1)2
}
(3.7)
The iterative steps used for designing a PBS are shown in the flowchart of Fig. 3.2 for a
given wavelength λ and grating period Λ.
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Figure 3.2: Iterative design steps for a PBS that operates at a given wavelength λ and grating
period Λ λ.
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Chapter 4
Broadband IR PBS Using ZnTe Photonic-Crystal Layer
Embedded in ZnS Cube
4.1 Introduction
PBS design that uses a ZnTe 1-D PCL (grating), which is embedded between two right-
angle ZnS prisms, is presented for the CO2- laser wavelength 10.6 µm, with grating period
Λ = 1 µm and nc(ZnTe) = 2.6818 [70]. By applying the iterative steps shown in Fig. 3.2
with x = 0.6669, we obtain φcs = 41.8314
o, f = 0.6042, no = 2.1921, and ne = 1.4620.
This represents a PCL with giant negative birefringence ∆n = ne − no = −0.71. For index
matching of no and n, ZnS is chosen as a prism which has refractive index n = 2.1921 at λ
=10.6 µm [70]. Design parameters for a PBS using ZnTe PCL embedded in a ZnS cube at
wavelength 10.6 µm are listed in Table 4.1.
4.2 Non-Interference Photonic-Crystal Layer of ZnTe Embedded in ZnS Cube
Table 4.1: Design parameters for PBS using ZnTe PCL with grating period Λ = 1µm embedded
in ZnS cube at wavelength λ = 10.6 µm
nc(ZnTe) f ne no n(ZnS) φcs
2.6818 0.6042 1.4620 2.1921 2.1921 41.8314o
The Fresnel reflection coefficients for the incident linear polarizations parallel p and
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perpendicular s to the plane of incidence at the prism–PCL interface are given by [2]:
r01p =
n2o cosφ0 − n(n2o − n2 sin2 φ0)
1
2
n2o cosφ0 + n(n
2
o − n2 sin2 φ0)
1
2
(4.1)
r01s =
n cosφ0 − (n2e − n2 sin2 φ20)
1
2
n cosφ0 + (n2e − n2 sin2 φ0)
1
2
(4.2)
An important performance parameter of the PBS is its reflection extinction ratio
ERr = 10 log10
Rs
Rp
(4.3)
The reflection of the p polarization is independent of the angle of incident φ due to index
matching (no = n) while the reflection coefficient rs of the s polarization depends on φ.
Figure 4.1 shows the intensity reflectance Rs of s polarization as a function of the angle of
incidence φ at the prism(ZnS)-PCL(ZnTe) interface using Eq. (4.2), with grating period
Λ = 1 µm and filling factor f = 0.6042 at wavelength λ = 10.6 µm. As shown in Fig.
4.1 the critical angle φcs = 41.8314
o is 3o away from the design angle of incidence φ = 45o
which gives an internal field of view (FOV) of ±3o. A corresponding external (in-air) FOV
of ±n× 3o = 6.6o is obtained by applying Snell’s law.
Figure 4.2 shows the intensity reflectance Rp of p polarization versus the filling factor f
as it is changed by ≈ ±10% around the design value f = 0.6042, with all other parameters
kept constant. Changing the filling factor affects the effective refractive indices of the PCL
no and ne as indicated by Eqs. (3.1) and (3.2), respectively. This variation leads to mismatch
between the ordinary refractive index of the PCL and the prism refractive index no 6= n. As
a result, the reflection coefficient rp of the p polarization deviate from zero and a portion of
the p polarization is reflected. However, this reflection is very small, Rp < 1.4x10
−6. On the
other hand, the s polarization is not affected by this change of filling factor 0.455 ≤ f ≤ 0.654
and is totally reflected (Rs = 1).
Figure 4.3 shows the extinction ratio in reflection ERr vs the filling factor f as it is
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Figure 4.1: Intensity reflectance Rs of s polarization as a function of the angle of incidence φ at
the prism(ZnS)-PCL(ZnTe) interface, with grating period Λ = 1 µm and filling factor f = 0.6042
at wavelength λ = 10.6 µm.
changed by ≈ ±10% around the design value f = 0.6042, with all other parameters kept
constant. The maximum value of the extinction ratio ERr ≈ 273 dB which diminished to
ERr ≈ 59dB as the filling factor ranged from 0.455 to 0.654, which indicates good tolerance
to small dimensional errors.
Figure 4.4 shows the deviation from index matching of p polarized light (i.e., no = n)
as the wavelength is varied 4 ≤ λ ≤ 12 µm for the prism of ZnS and and PCL of ZnTe,
with all other parameters kept constant. As shown in Fig. 4.4, the refractive index matching
(no = n) occurs at the design wavelength λ = 10.6 µm and unexpectedly, also at λ = 5.5 µm.
The dispersion of the coating and prism materials is considered [70] and the unity intensity
reflectance of s polarization (Rs = 1) is maintained over the entire bandwidth 4 ≤ λ ≤ 12
µm.
Figure 4.5 shows the intensity reflectance Rp of p polarization as a function of wavelength
λ, for 4 ≤ λ ≤ 12 µm, with all other parameters kept constant. The minimum reflection of p
polarization (maximum transmission) Rp ≈ 0 takes place at the design wavelength λ = 10.6
µm and also at λ = 5.5 µm which is consistent with Fig. 4.4. The maximum intensity
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Figure 4.2: Intensity reflectance Rp of p polarization as a function of the filling factor f at the
prism(ZnS)-PCL(ZnTe) interface, with angle of incidence φ = 45o and grating period Λ = 1 µm at
wavelength λ = 10.6 µm.
reflectance Rp is 1.4× 10−6 for the entire bandwidth 4 ≤ λ ≤ 12 µm.
Figure 4.6 shows the extinction ratio in reflection ERr as a function of wavelength λ,
for 4 ≤ λ ≤ 12 µm, with all other parameters kept constant. Notice that the ERr is > 70
dB over the full spectral range and spikes at the design wavelength λ = 10.6 µm and also
at λ = 5.5 µm, consistent with Figs. 4.4 and 4.5. Therefore, near-ideal broadband PBS is
achieved.
4.3 Interference Effects within the Photonic-Crystal Layer of ZnTe Embedded
in ZnS Cube
In Section 4.2 the effects of interference were ignored and the thickness of the layer d was
assumed to be  penetration depth of the s polarization component wave into the PCL.
For a practical design the layer thickness should be defined. In this section PCL with two
different thicknesses d=10 µm and d=20 µm is considered, and the performance of the PBS
is calculated and compared for both thicknesses.
The complex–amplitude reflection coefficients for the p and s polarizations are given by [2]:
20
Figure 4.3: Extinction ratio in reflection ERr vs the filling factor f at the prism(ZnS)-PCL(ZnTe)
interface, for angle of incidence φ = 45o, grating period Λ = 1 µm, and wavelength λ = 10.6 µm.
rp =
r01p − r01pe−j2βp
1− r201pe−j2βp
(4.4)
rs =
r01s − r01se−j2βs
1− r201se−j2βs
(4.5)
where βp and βs are given by:
βp = 2pi(
d
λ
)(n2o − n2 sin2 φ0)2 (4.6)
βs = 2pi(
d
λ
)(n2e − n2 sin2 φ0)2 (4.7)
and r01p and r01s are given by Eqs. (4.1) and (4.2), respectively.
Figure 4.7 shows the intensity reflectance Rp of p polarization at the prism(ZnS)-
PCL(ZnTe) interface as a function of the filling factor f for d = 10 µm and d = 20 µm,
with all other parameters kept constant. Rp ≈ 0 for both designs at the design filling factor
f = 0.6042. However, the design with d = 10 µm shows a smaller reflection as f is away
from the design point, which is consistent with Fig. 4.2.
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Figure 4.4: Deviation from index matching of p polarized light as the wavelength λ is varied
4 ≤ λ ≤ 12 µm for the prism of ZnS and and PCL of ZnTe, with angle of incidence φ = 45o, grating
period Λ = 1µm, taking into account dispersion of the optical properties of ZnTe and ZnS.
Figure 4.8 shows the extinction ratio in reflection ERr as a function of the filling factor
f for layer thicknesses d = 10 µm and d = 20 µm, with all other parameters kept constant.
As expected, a spike appears at the design point f = 0.6042, and another spike appears at
f = 0.6249.
Figure 4.9 shows the intensity reflectance Rp of p polarization at the prism(ZnS)-
PCL(ZnTe) interface as a function of the wavelength λ, for 4 ≤ λ ≤ 12 µm for layer
thicknesses d = 10 µm and d = 20 µm, with all other parameters kept constant. The inter-
ference oscillations of Rp < 2×10−6. Excellent performance is maintained when interference
effects in the PCL are taken into consideration.
Figure 4.10 shows intensity reflectance Rs of s polarization at the prism(ZnS)-PCL(ZnTe)
interface as a function of of the wavelength λ for layer thicknesses d = 10 µm and d = 20
µm, with all other parameters kept constant. Rs falls off monotonically as λ increases and d
decreases, which is consistent with the expected increase in optical tunneling as d
λ
decreases.
Figure 4.11 shows extinction ratio in reflection ERr as a function of wavelength Λ, for
4 ≤ λ ≤ 12 µm for layer thicknesses d = 10 µm and d = 20 µm, with all other parameters
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Figure 4.5: Intensity reflectance Rp of p polarization as a function of the wavelength λ at the
prism(ZnS)-PCL(ZnTe) interface, with angle of incidence φ = 45o and grating period Λ = 1 µm at
filling factor f = 0.6042.
kept constant. Multiple spikes appear which correspond to and are consistent with Rp = 0
of Fig. 4.9. ERr is > 70 dB for the entire bandwidth 4 ≤ λ ≤ 12 µm which indicates near
ideal polarization on reflection.
Figure 4.12 shows the extinction ratio in transmission ERt
ERt = 10 log10
Tp
Ts
= 10 log10
1−Rp
1−Rs (4.8)
as a function of the wavelength λ, for 4 ≤ λ ≤ 12 µm for layer thicknesses d = 10 µm and
d = 20 µm, with all other parameters kept constant. The design with d = 20 µm shows a
higher extinction ratio. This is consistent with the decrease of Rs as
d
λ
decreases, caused by
increased optical tunneling.
Figure 4.13 shows the extinction ratio in transmission as a function of the layer thickness
d, with all other parameters kept constant. Higher values of ERt are possible if the PCL
thickness d is increased so that optical tunneling of the s polarization is suppressed. However,
higher values of d pose a technical challenge in device fabrication as the aspect ratio d
fΛ
of
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Figure 4.6: Extinction ratio in reflection ERr as a function of the wavelength λ at the prism(ZnS)-
PCL(ZnTe) interface, with angle of incidence φ = 45o and grating period Λ = 1 µm at filling factor
f = 0.6042.
the grating ridges increases.
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Figure 4.7: Intensity reflectance Rp of p polarization as a function of the filling factor f for ZnTe
PCL embedded in ZnS prism, for layer thicknesses d = 10 µm and d = 20 µm, with angle of
incidence φ = 45o and grating period Λ = 1 µm at wavelength λ = 10.6 µm.
Figure 4.8: Extinction ratio in reflection ERr as a function of the filling factor f for ZnTe PCL
embedded in ZnS prism, for layer thicknesses d = 10 µm and d = 20 µm , with angle of incidence
φ = 45o and grating period Λ = 1 µm at wavelength λ=10.6 µm.
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Figure 4.9: Intensity reflectance Rp of p polarization as a function of the wavelength λ for ZnTe
PCL embedded in ZnS prism, for layer thicknesses d = 10 µm and d = 20 µm ,with angle of
incidence φ = 45o and grating period Λ = 1 µm at filling factor f = 0.6042.
Figure 4.10: Intensity reflectance Rs of s polarization as a function of the wavelength λ for ZnTe
PCL embedded in ZnS prism, for layer thicknesses d = 10 µm and d = 20 µm ,with angle of
incidence φ = 45o and grating period Λ = 1 µm at filling factor f = 0.6042.
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Figure 4.11: Extinction ratio in reflection ERr as a function of the wavelength λ for ZnTe PCL
embedded in ZnS prism, for layer thicknesses d = 10 µm and d = 20 µm, with angle of incidence
φ = 45o and grating period Λ = 1 µm at filling factor f = 0.6042.
Figure 4.12: Extinction ratio in transmission ERt as a function of the wavelength λ for ZnTe PCL
embedded in ZnS prism, for layer thicknesses d = 10 µm and d = 20 µm, with angle of incidence
φ = 45o and grating period Λ = 1 µm at filling factor f = 0.6042.
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Figure 4.13: Extinction ratio in transmission ERt as a function of 1-D (ZnTe)PCL thickness d,
with angle of incidence φ = 45o, grating period Λ = 1µm, and wavelength λ = 10.6 µm at filling
factor f = 0.6042.
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Chapter 5
Broadband IR PBS Using Ge Photonic-Crystal Layer
Embedded in Si Cube
5.1 Introduction
A PBS design of Ge-Si materials is achieved by following the iterative steps of the the design
procedure of Fig. 3.2 for the same parameters (grating period Λ=1 µm and wavelength
λ=10.6 µm) used in Chapter 4 and nc(Ge)=4.0030 [70]. By using x = 0.5188, we obtain
φcs = 31.2528
o, f = 0.6908, ne = 1.7731, and no = 3.4176. ∆n = ne − no = −1.6445 which
represents giant birefringence for Ge PCL. For index matching (no = n) Si is chosen as a
prism which has a refractive index of n(Si)=3.4176 [70] at λ=10.6 µ m The parameters for
1-D Ge(PCL) embedded in Si(cube prism) are summarized in Table 5.1.
5.2 Non-Interference Photonic-Crystal Layer of Ge Embedded in Si Cube
Table 5.1: Design parameters for PBS using Ge PCL with grating period Λ = 1 µm embedded in
ZnS cube at wavelength λ=10.6 µm
nc(Ge) f ne no n(Si) φcs
4.0030 0.6908 1.7731 3.4176 3.4176 31.2528o
Figure 5.1 shows the intensity reflectance Rs of s polarization at the prism(SI)-PCL(Ge)
interface as a function of angle of incidence φ using Eq. (4.2), with all other parameters kept
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constant (Λ = 1µm, filling factor f = 0.6908, and wavelength λ = 10.6 µm). As shown in
Fig. 5.1 the critical angle φcs = 31.2528
o is ≈ 14o away from the design angle of incidence
φ = 45o, which gives an internal field of view (FOV) of ±14o and corresponding external
(in-air) FOV of 47o.
Figure 5.1: Intensity reflectance Rs of s polarization as a function of the angle of incidence φ at
the prism(Si)-PCL(Ge) interface, with and grating period Λ = 1 µm and filling factor f = 0.6908
at wavelength λ = 10.6 µm.
Figure 5.2 shows the intensity reflectance Rp of p polarization versus the filling factor f
as it is changed by ≈ ±9% around the design value f = 0.6908, with all other parameters
kept constant. Rp < 1.1×10−6 over the entire change of the filling factor 0.6408≤ f ≤0.7408,
which indicates the p polarization component is almost totally transmitted.
Figure 5.3 shows the extinction ratio in reflection ERr versus the filling factor f as it
is changed by ≈ ±9% around the design value f = 0.6908, with all other parameters kept
constant. Figure 5.3 has a spike ERr ≈ 233dB at the design filling factor f = 0.6908 which
drops to ERr ≈ 56 dB as the filling factor ranged from 0.6408 to 0.7408. This indicates
good tolerance to small dimensional errors.
Figure 5.4 shows the deviation from index matching of p-polarized light (i.e., no = n)
as the wavelength λ is varied 4 ≤ λ ≤ 12 µm for the Si prism and Ge PCL, with all other
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Figure 5.2: Intensity reflectance Rp of p polarization at the prism(Si)-PCL(Ge) interface as a
function of the filling factor f , with angle of incidence φ = 45o and grating period Λ = 1 µm at
wavelength λ = 10.6 µm.
parameters kept constant. Refractive index matching occurs between no = n at the design
wavelength λ=10.6 µm, The dispersion of the coating and prism materials is considered
[70], and unity intensity reflectance of s polarization (Rs = 1) is maintained over the entire
bandwidth 4 ≤ λ ≤ 12 µm.
Figure 5.5 shows the intensity reflectance Rp of p polarization as a function of the wave-
length λ, for 4 ≤ λ ≤ 12 µm, with all other parameters kept constant. The minimum
reflection of p polarization Rp ≈ 0 occurs at the design wavelength λ=10.6 µm which is
consistent with Fig. 5.4. The maximum intensity reflectance Rp is < 2.6 × 10−5 for the
entire bandwidth 4 ≤ λ ≤ 12 µm.
Figure 5.6 shows the extinction ratio in reflection ERr as a function of the wavelength
λ, for 4 ≤ λ ≤ 12 µm, with all other parameters kept constant. Notice that the ERr is >
45 dB over the full spectral range and spikes at the design wavelength λ = 10.6 µm which is
consistent with Figs. 5.4 and 5.5. Therefore near-ideal broadband polarization on reflection
is possible.
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Figure 5.3: Extinction ratio in reflection ERr versus the filling factor f at the prism(Si)-PCL(Ge)
interface, with angle of incidence φ = 45o, grating period Λ = 1 µm, and wavelength λ = 10.6 µm.
5.3 Interference Effects within the Photonic-Crystal Layer of Ge Embedded in
Si Cube
In this section we consider the effects of the interference in PCL with two different thicknesses
d=10 µm and d=20 µm, then the performance of the PBS is calculated and compared for
both thicknesses.
Figure 5.7 shows the intensity reflectance Rp of p polarization as a function of the filling
factor f at the prism(Si)-PCL(Ge) interface for thicknesses d = 10 µm and d = 20 µm,
with all other parameters kept constant. Rp ≈ 0 for both designs at the design filling factor
f = 0.6908, however, the design with d = 10 µm show a smaller reflection as f is away from
the design point which is consistent with Fig. 5.2.
Figure 5.8 shows extinction ratio in reflection ERr as a function of the filling factor f
for Ge PCL embedded in Si prism, for layer thicknesses d = 10 µm and d = 20 µm, with all
other parameters kept constant. As expected, a spike appears at the design point f = 0.6908
for both designs, and another spike appears at f = 0.6799 for the design of layer thickness
of d = 20 µm.
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Figure 5.4: Deviation from index matching of p–polarized light as the wavelength λ is varied
4 ≤ λ ≤ 12 µm for the Si prism and Ge PCL at angle of incidence φ = 45o, grating period Λ = 1
µm, and takes into account dispersion of the optical properties of Ge and Si.
Figure 5.9 shows the intensity reflectance Rp of p polarization as a function of the wave-
length λ, for 4 ≤ λ ≤ 12 µm at the prism(Si)-PCL(Ge) interface for layer thicknesses d = 10
µm and d = 20 µm, with all other parameters kept constant. The interference oscillations
of Rp are less than 1 × 10−4 over the entire wavelength range. Excellent performance is
maintained when interference effects in the PCL are taken into consideration.
The intensity reflectance Rs of s polarization as a function wavelength λ for Ge PCL
embedded in Si prism, for layer thicknesses d = 10 µm and d = 20 µm, is very close to unity
reflection Rs = 1, with a deviation from unity less than 1×10−6 and 4×10−15 for the designs
with layer thicknesses d = 10 µm and d = 20 µm, respectively.
Figure 5.10 shows the extinction ratio in reflection ERr as a function of the wavelength
λ, for 4 ≤ λ ≤ 12 µm for Ge PCL embedded in Si prism, for layer thicknesses d = 10 µm
and d = 20 µm, with all other parameters kept constant. Multiple spikes appear and reach
maximum at the design point λ=10.6 µm which is correspond and consistent with Rp = 0
of Fig. 5.9.
Figure 5.11 shows the extinction ratio in transmission ERt as a function of the wavelength
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Figure 5.5: Intensity reflection Rp of p polarization as a function of the wavelength λ at the
prism(Si)-PCL(Ge) interface, with angle of incidence φ = 45o and grating period Λ = 1 µm at
filling factor f = 0.6908.
λ, for 4 ≤ λ ≤ 12 µm for Ge PCL embedded in Si prism, for layer thickness d = 10 µm,
with all other parameters kept constant. ERt > 100 dB is achieved for 4 ≤ λ ≤ 8 µm with
maximum near λ=4.8 µm followed by monotonic drop at longer wavelengths. This behavior
is consistent with the decrease of Rs as
d
λ
decreases caused by increased optical tunneling.
Figure 5.12 shows the extinction ratio in transmission as a function of the layer thickness
d at the prism(Si)-PCL(Ge) interface, with all other parameters kept constant. Higher values
of ERt are possible if the PCL thickness d is increased so that optical tunneling of the s
polarization is suppressed. However, higher values of d pose a technical challenge in device
fabrication as the aspect ratio d
fΛ
of the grating ridges increases.
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Figure 5.6: Extinction ratio in reflection ERr as a function of the wavelength λ at the prism(Si)-
PCL(Ge) interface, with angle of incidence φ = 45o and grating period Λ = 1 µm at filling factor
f = 0.6908.
Figure 5.7: Intensity reflection Rp of p polarization as a function of the filling factor f at the
prism(Si)-PCL(Ge) interface for layer thicknesses d = 10 µm and d = 20 µm, with angle of incidence
φ = 45o and grating period Λ = 1 µm at wavelength λ = 10.6 µm.
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Figure 5.8: Extinction ratio in reflection ERr as a function of the filling factor f for Ge PCL
embedded in Si prism, for layer thicknesses d = 10 µm and d = 20 µm, with angle of incidence
φ = 45o and grating period Λ = 1 µm at wavelength λ=10.6 µm.
Figure 5.9: Intensity reflection Rp of p polarization as a function of the wavelength λ for Ge PCL
embedded in Si prism, for layer thicknesses d = 10 µm and d = 20 µm,with angle of incidence
φ = 45o and grating period Λ = 1 µm at filling factor f = 0.6908.
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Figure 5.10: Extinction ratio in reflection ERr as a function of the wavelength λ for Ge PCL
embedded in Si prism, for layer thicknesses d = 10 µm and d = 20 µm, with angle of incidence
φ = 45o and grating period Λ = 1 µm at filling factor f = 0.6908.
Figure 5.11: Extinction ratio in transmission ERt as a function of the wavelength λ for Ge PCL
embedded in Si prism, for layer thicknesses d = 10 µm and d = 20 µm, with angle of incidence
φ = 45o and grating period Λ = 1 µm at filling factor f = 0.6908.
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Figure 5.12: Extinction ratio in transmission ERt as a function of 1-D (Ge)PCL thickness d,
with angle of incidence φ = 45o, grating period Λ = 1µm, and wavelength λ = 10.6 µm at filling
factor f = 0.6908.
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Chapter 6
Visible Spectrum PBS Using ZnTe PCL Embedded ZnS
Cube
6.1 Introduction
PBS design that uses ZnTe 1-D PCL (grating), which is embedded between two right-angle
ZnS prisms, is presented for the He–Ne laser wavelength λ = 633 nm, a grating period
Λ = 100 nm, and nc(ZnTe) = 2.9886 [70]. By applying the iterative steps of the design
procedure shown in Fig. 3.2 and using x = 0.6062, we obtain φcs = 37.3152
o, f = 0.5299,
no = 2.3503, ne = 1.42476. This represents a PCL with giant negative birefringence ∆n =
ne − no = −0.9256. For index matching of no and n ZnS, is chosen as a prism which has a
refractive index of n = 2.3503 at λ =633 nm [70]. Design parameters for a PBS using ZnTe
PCL embedded in a ZnS cube at wavelength 633 nm are listed in Table 6.1.
6.2 Non-Interference Photonic-Crystal Layer of ZnTe Embedded in ZnS Cube
Table 6.1: Design parameters for PBS using ZnTe PCL with grating period Λ = 100 nm embedded
in ZnS cube at wavelength λ=633 nm
nc(ZnTe) f ne no n(ZnS) φcs
2.9886 0.5299 1.4247 2.3503 2.3503 37.3152o
Figure 6.1 shows the intensity reflectance Rs of s polarization as a function of angle of
incidence φ at the prism(ZnS)-PCL(ZnTe) interface using Eq. (4.2), with grating period
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Λ = 100 nm and filling factor f = 0.5299 at wavelength λ = 10.6 µm. As shown in Fig. 6.1,
the critical angle φcs = 37.3152
o is 7o away from the design angle of incidence φ = 45o which
gives an internal field of view (FOV) of ±7o and a corresponding external (in-air) FOV of
±18o.
Figure 6.1: Intensity reflection Rs of s polarization as a function of the angle of incidence φ at
the prism(ZnS)-PCL(ZnTe) interface, with grating period Λ=100 nm and filling factor f = 0.5299
at wavelength λ = 633 nm.
Figure 6.2 shows the intensity reflectance Rp of p polarization versus the filling factor f
as it is changed by ≈ ±9% around the design value f = 0.5299, with all other parameters
kept constant. This reflection is very small, Rp < 2.4 × 10−6. On the other hand, the
s polarization is not affected by this change of filling factor 0.4799 ≤ f ≤ 0.5799 and
maintains unity intensity reflectance (Rs = 1).
Figure 6.3 shows the extinction ratio in reflection ERr versus the filling factor f as
it is changed by ≈ ±9% around the design value f = 0.5299, with all other parameters
kept constant. Figure 6.3 has a spike at the design value f = 0.5299 and ERr > 56 dB
as the filling factor is changed 0.4799 ≤ f ≤ 0.5799; this indicates good tolerance to small
dimensional errors.
Figure 6.4 shows the deviation from index matching of p–polarized light (i.e., no = n)
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Figure 6.2: Intensity reflection Rp of p polarization as a function of the filling factor f at the
prism(ZnS)-PCL(ZnTe) interface, with angle of incidence φ = 45o and grating period Λ = 100 nm
at wavelength λ = 633 nm.
as the wavelength is varied 552 ≤ λ ≤ 713 nm for a ZnS prism and a ZnTe PCL, with all
other parameters kept constant. Index matching (no = n) occurs at the design wavelength
λ = 633 nm. The dispersion of the coating and prism materials is considered [70], and
the unity intensity reflectance of the s polarization (Rs = 1) is maintained for the entire
bandwidth 553 ≤ λ ≤ 713 nm.
Figure 6.5 shows the intensity reflectance Rp of the p polarization as a function of the
wavelength λ, for 553 ≤ λ ≤ 713 nm, with all other parameters kept constant. The minimum
reflectance of p polarization (maximum transmission) Rp ≈ 0 takes place at the design wave-
length λ = 633 nm, which is consistent with Fig. 6.4. The maximum intensity reflectance
Rp is < 5× 10−6 for the entire bandwidth 553 ≤ λ ≤ 713 nm.
Figure 6.6 shows the extinction ratio in reflection ERr as a function of the wavelength
λ, for 553 ≤ λ ≤ 713 nm, with all other parameters kept constant. Notice that the ERr is
> 53 dB over the full spectral range and spikes at design wavelength λ = 633 nm which is
consistent with Figs. 6.4 and 6.5.
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Figure 6.3: Extinction ratio in reflection ERr versus the filling factor f at the prism(ZnS)-
PCL(ZnTe) interface, with angle of incidence φ = 45o and grating period Λ = 100 nm at wavelength
λ = 633 nm.
6.3 Interference Effects within the Photonic-Crystal Layer of ZnTe Embedded
in ZnS Cube
In the previous section the effects of the interference were ignored and the thickness of the
layer d assumed to be larger than the penetration depth of the s polarization component
wave. In this section the PCL with two different thicknesses, d=600 nm and d=1200 nm, is
considered. The performance of the PBS is calculated and compared for both thicknesses.
Figure 6.7 shows the intensity reflectance Rp of p polarization as a function of the filling
factor f at the prism(ZnS)-PCL(ZnTe) interface of thicknesses d = 600 nm and d = 1200
nm, with all other parameters kept constant. Rp ≈ 0 for both designs at the design filling
factor f = 0.5299. The design with d = 600 nm shows a smaller reflection as f is away from
the design point, which is consistent with Fig. 6.2.
Figure 6.8 shows extinction ratio in reflection ERr as a function of the filling factor f
at the prism(ZnS)-PCL(ZnTe) interface for layer thicknesses d = 600 nm and d = 1200 nm,
with all other parameters kept constant. As expected a spike appears at the design point
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Figure 6.4: Deviation from index matching of p–polarized light as the wavelength is varied 553 ≤
λ ≤ 713 nm for the prism of ZnS and and PCL of ZnTe, with angle of incidence φ = 45o, grating
period Λ = 100 nm, and taking into account the dispersion of the optical properties of ZnTe and
ZnS.
f = 0.5299 and there is another one at f = 0.4971.
Figure 6.9 shows the intensity reflectance Rp of p polarization as a function of the wave-
length λ, for 553 ≤ λ ≤ 713 nm at the prism(ZnS)-PCL(ZnTe) interface for layer thicknesses
d = 600 nm and d = 1200 nm, with all other parameters kept constant. The interference
oscillations of Rp are all less than 5 × 10−6. Excellent performance is maintained when
interference effects in the PCL are taken into consideration.
Figure 6.10 shows the intensity reflectance Rs of the s polarization as a function of
wavelength λ for layer thickness d = 600 nm, with all other parameters kept constant. Rs
falls off monotonically as λ increases and d decreases, which is consistent with the expected
increase in optical tunneling as d
λ
decreases. The intensity reflectance Rs for the design layer
thickness d = 1200 nm is very close to unity reflection Rs = 1, with deviation from unity
being < 4× 10−8 for the entire bandwidth 553 ≤ λ ≤ 713 nm.
Figure 6.11 shows the the extinction ratio in reflection ERr as a function of the wave-
length Λ, for 553 ≤ λ ≤ 713 nm, for layer thicknesses d = 600 nm and d = 1200 nm, with all
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Figure 6.5: Intensity reflection Rp of p polarization as a function of the wavelength λ at the
prism(ZnS)-PCL(ZnTe) interface, with angle of incidence φ = 45o and grating period Λ = 100 nm
at filling factor f = 0.5299.
other parameters kept constant. Multiple spikes appear that correspond to Rp = 0 in Fig.
6.9. ERr > 60 dB is achieved over the entire bandwidth 553 ≤ λ ≤ 713 nm and indicates
near–ideal polarization on reflection.
Figure 6.12 shows extinction ratio in transmission ERt as a function of the wavelength
λ, for 553 ≤ λ ≤ 713 nm, for layer thicknesses d = 600 nm and d = 1200 nm, with all other
parameters kept constant. Both designs show ERt as a decreasing linear function of λ. This
behavior is consistent with the decrease of Rs as
d
λ
decreases, caused by increased optical
tunneling.
Figure 6.13 shows the extinction ratio in transmission ERt as a function of the layer
thickness d, with all other parameters kept constant. Higher values of ERt are possible if
the PCL thickness d is increased so that optical tunneling of the s polarization is suppressed.
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Figure 6.6: Extinction ratio in reflection ERr as a function of the wavelength λ at the prism(ZnS)-
PCL(ZnTe) interface, with angle of incidence φ = 45o, grating period Λ = 100 nm, and filling factor
f = 0.5299.
Figure 6.7: Intensity reflection Rp of p polarization as a function of the filling factor f for layer
thicknesses d = 600 nm and d = 1200 nm, with angle of incidence φ = 45o, grating period Λ = 100
nm, and wavelength λ = 633 nm.
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Figure 6.8: Extinction ratio in reflection ERr as a function of the filling factor f for layer
thicknesses d = 600 nm and d = 1200 nm, with angle of incidence φ = 45o and grating period
Λ = 100 nm at wavelength λ=10.6 µm.
Figure 6.9: Intensity reflection Rp of p polarization as a function of the wavelength λ at for layer
thicknesses d = 600 nm and d = 1200 nm, with angle of incidence φ = 45o, grating period Λ = 100
nm, and filling factor f = 0.5299.
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Figure 6.10: Intensity reflection Rs of s polarization as a function of the wavelength λ for layer
thickness d = 600 nm, with angle of incidence φ = 45o and grating period Λ = 100 nm at filling
factor f = 0.5299.
Figure 6.11: Extinction ratio in reflection ERr as a function of the wavelength λ for layer
thicknesses d = 600 nm and d = 1200 nm, with angle of incidence φ = 45o and grating period
Λ = 100 nm at filling factor f = 0.5299.
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Figure 6.12: Extinction ratio in transmission ERt as a function of the wavelength λ for layer
thicknesses d = 600 nm and d = 1200 nm, with angle of incidence φ = 45o, grating period Λ = 100
nm, and filling factor f = 0.5299.
Figure 6.13: Extinction ratio in transmission ERt as a function of thickness d of 1-D (ZnTe)PCL
at angle of incidence φ = 45o, grating period Λ = 100 nm, wavelength λ = 10.6 µm and filling
factor f = 0.5299.
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Chapter 7
Circular Polarizing Beam Splitter
7.1 Introduction
Circular polarizing beam splitters (CPBS’s) are used to separates a linearly polarized in-
coming beam into two circularly polarized beams that travel in different directions by trans-
mission and reflection.
7.2 Design Procedure
Figure 7.1(a) shows the cross section of a 1-D PCL of thickness d that consists of a rectangular
grating of coating material of refractive index nc, grating period Λ, and filling factor f . The
layer is deposited on an optically isotropic substrate (prism) of refractive index n, and the
gaps between grating ridges are assumed to be filled with an isotopic material of refractive
index nf . The optic axis of the PCL is parallel to the grating vector
−→
KG. Figure 7.1(b)
shows the Dual QWR PBS prism with the grating vector of the PCL normal to the plane
of incidence. p and s denote the linear polarizations parallel and perpendicular to the plane
of incidence, respectively.
With the λ  Λ, the PCL is equivalent to a non-diffracting homogeneous uniaxial
crystal layer with its optic axis parallel to the grating vector and perpendicular to the plane
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Figure 7.1: (a) Cross section of 1-D PCL of thickness d that consists of rectangular grating
of a coating material of refractive index nc, grating period Λ, and filling factor f . The layer is
deposited on an optically isotropic substrate (prism) of refractive index n, and the gaps between
grating ridges are assumed to be filled with isotopic material of refractive index nf . (b) Dual QWR
PBS prism with grating vector
−→
KG of the PCL normal to the plane of incidence. p and s denote
the linear polarizations parallel and perpendicular to the plane of incidence, respectively. When
QWR is achieved, incident linearly polarized light (LPL) at azimuth from the plane of incidence is
reflected and transmitted as circularly polarized light (CPL).
of incidence. The effective second-order ordinary no and extraordinary ne are given by [69],
n(2)o =
{
(n(1)o )
2 +
1
3
[
pi
Λ
λ
f(1− f)
]2
(n2c − n2f )2
} 1
2
(7.1)
n(2)e =
{
(n(1)e )
2 +
1
3
[
pi
Λ
λ
f(1− f)
]2
(
1
n2c
− 1
n2f
)2(n(1)e )
6(n(1)o )
2
} 1
2
(7.2)
where
n(1)o = (n
2
f (1− f) + n2cf)
1
2 , n(1)e = (
1− f
n2f
+ f
1
n2c
)−
1
2 (7.3)
are the first–order indices that are independent of Λ
λ
.
For an incident light beam, the change in the state of polarization in reflection and in
transmission are determined by the ratios of the complex–amplitude reflection and trans-
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mission coefficients for p and s polarizations:
ρ =
rp
rs
(7.4)
τ =
tp
ts
(7.5)
The complex–amplitude reflection coefficients for p polarization and s polarization are given
by [2]:
rp =
r01p − r01pe−j2βp
1− r201pe−j2βp
(7.6)
rs =
r01s − r01se−j2βs
1− r201se−j2βs
(7.7)
where r01p and r01s are prism–PCL interface reflection coefficients for p and s polarizations,
respectively, given by:
r01p =
n2o cosφ0 − n(n2o − n2 sin2 φ0)
1
2
n2o cosφ0 + n(n
2
o − n2 sin2 φ0)
1
2
r01s =
n cosφ0 − (n2e − n2 sin2 φ20)
1
2
n cosφ0 + (n2e − n2 sin2 φ0)
1
2
(7.8)
and the film phase thicknesses βp and βs are given by:
βp = 2pi(
d
λ
)(n2o − n2 sin2 φ0)2
βs = 2pi(
d
λ
)(n2e − n2 sin2 φ0)2. (7.9)
The complex–amplitude transmission coefficients for p and s polarizations are given by
[2]:
tp =
t01pt12pe
−jβp
1− r201pe−j2βp
(7.10)
ts =
t01st12se
−jβs
1− r201se−j2βs
(7.11)
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where t01p and t12p are prism–PCL interface and PCL-prism interface transmission coeffi-
cients of the p polarization, given by:
t01p =
2n cosφ0
no cosφ0 + n(1− n2n2o sin
2 φ0)
1
2
t12p =
2(n2o − n sin2 φ0)
1
2
no cosφ0 + n(1− n2n2o sin
2 φ0)
1
2
(7.12)
and t01s and t12s are prism–PCL interface and PCL-prism interface transmission coefficients
of the s polarization, given by:
t01s =
2n cosφ0
n cosφ0 + (n2e − n2 sin2 φ0)
1
2
t12s =
2(n2e − n2 sin2 φ0)
1
2
n cosφ0 + (n2e − n2 sin2 φ0)
1
2
. (7.13)
For incident light of wavelength of λ, Eqs. (7.5) and (7.4) can be written as:
τ = f(nc, nf , f, n, d,
Λ
λ
, φ) (7.14)
ρ = f(nc, nf , f, n, d,
Λ
λ
, φ) (7.15)
To achieve QWR in reflection, the magnitude of the complex reflection coefficients for
the p and s polarizations must be equal and the phase shift between them must equal pi
2
, i.e.,
|ρ| = |rp
rs
| = 1 (7.16)
arg(ρ) = ∆ = ±90o (7.17)
Similarly, to achieve QWR in transmission, the magnitude of the complex transmission
coefficients for the p and s polarizations must be equal and the phase shift between them
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must equal pi
2
, equivalently we write:
|τ | = |tp
ts
| = 1 (7.18)
arg(τ) = ∆ = ±90o (7.19)
To achieve 50-50% beam splitter with dual QWR in reflection and transmission, Eqs.
(7.16)-(7.19) must be satisfied simultaneously with the following condition:
Tp = Ts = Rp = Rs = 0.5 (7.20)
7.3 50-50% Beam Splitter with Dual Quarter-Wave Retardation in Reflection
and Transmission at 30◦ Angle of Incidence
A 50-50% beam splitter design with dual QWR is presented at an angle of incidence φ = 30o,
using a 1-D PCL of thickness d = 2.8843 µm, coating material of refractive index nc = 1.6666
and filling factor f = 0.401. The layer is deposited on an optically isotropic substrate of
refractive index n = 4.0030 and the gaps between grating ridges are assumed to be filled
with isotopic material of refractive index nf = 4.0030 which matches the prism refractive
index, nf = n (see Table 7.1.)
Figure 7.2 shows the intensity reflectance Rs of s polarization and Rp of p polarization
as functions of the angle of incidence φ, for 28o ≤ φ ≤ 32o, with all other parameters kept
constant. At the design angle φ = 30o, we have 50-50% beam splitter for s polarization and
p polarization. The intensity reflectance Rs of s polarization is less sensitive to changing the
angle of incidence φ than the p polarization. The p polarization depends on frustrated total
internal reflection (FTR), φcp = 29.1757
o. Changing the angle of incidence alters FTR for s
Table 7.1: Design parameters for 50-50% beam splitter with dual QWR using Λ/λ = 10.
nc nf f ne no n d(µm) φ φcp φcs
1.6666 4.0030 0.401 2.3642 1.9514 4.0030 2.8843 30.0o 29.1754o 36.2001o
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Figure 7.2: Intensity reflectaces Rs of s polarization and Rp of p polarization as functions of the
angle of incidence φ, with PCL coating nc = 1.6666, PCL thickness d = 2.8843 µm, Λλ = 10, prism
index n = 4.0030, and filling factor f = 0.401.
polarization. This high sensitivity of intensity reflectances limits the FOV of the splitter.
Figure 7.3 shows retardance ∆(φ) in transmission and in reflection as functions of φ, for
28o ≤ φ ≤ 32o, with all other parameters kept constant. QWR (∆ = 90o) in reflection and
in transmission is achieved at the design angle φ = 30o.
Figure 7.4 shows the intensity reflectance Rs of s polarization and Rp of p polarization as
functions of the filling factor f , for 0.36 ≤ f ≤ 0.44, with all other parameters kept constant.
The reflectance of the s polarization shows high sensitivity to changes of the filling factor
which limits the practical application of the design.
Figure 7.5 shows retardance ∆(φ) in transmission and in reflection as a function of the
filling factor f , for 0.36 ≤ f ≤ 0.44, with all other parameters kept constant. A change of
≈ 10% in the filling factor results in > 12o deviation from the 90o phase shift between p and
s polarizations, which also limits the practical usefulness of this CPBS design.
Figure 7.6 shows the intensity reflectance Rs of s polarization and Rp of p polarization
and Fig 7.7 shows retardance ∆(φ) in transmission and in reflection as functions of the layer
thickness d, for 2.6 ≤ d ≤ 3.1 µm, with all other parameters kept constant. Both figures
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Figure 7.3: Retardance ∆(φ) as a function of the angle of incidence φ, with PCL coating nc =
1.6666, PCL thickness d = 2.8843 µm, Λλ = 10, prism index n = 4.0030, and filling factor f = 0.401.
show less sensitivity to changes of the layer thickness as compared to other parameters.
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Figure 7.4: Intensity reflectances Rs of s polarization and Rp of p polarization as functions of the
filling factor f , with PCL coating nc = 1.6666, PCL thickness d = 2.8843 µm, Λλ = 10, prism index
n = 4.0030, and angle of incidence φ = 30.0o.
Figure 7.5: Retardance ∆(f) as a function of the filling factor f , with PCL coating nc = 1.6666,
PCL thickness d = 2.8843 µm, Λλ = 10, prism index n = 4.0030, and angle of incidence φ = 30.0
o.
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Figure 7.6: Intensity reflectances Rs of s polarization and Rp of p polarization as functions of
PCL thickness d, with PCL coating nc = 1.6666, angle of incidence φ = 30.0o , Λλ = 10, prism
index n = 4.0030, and filling factor f = 0.401.
Figure 7.7: Retardance ∆(d) as a function of PCL thickness d, with PCL coating nc = 1.6666,
angle of incidence φ = 30.0o , Λλ = 10, prism index n = 4.0030, and filling factor f = 0.401.
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Chapter 8
Conclusions
Detailed and explicit analysis of the conditions that are required to achieve quarter-wave
retardation QWR on TIR at the base of a prism, which is coated with a single-layer optical
interference coating, have been presented. For a given prism refractive index and angle of
incidence, optimal values of the refractive index and thickness of the coating for QWR are
determined. Specific results are presented in Chapter 2 over a range of incidence angles for
TIR QWR that use transparent coatings on glass and ZnS substrates. A QWR that uses
Si3N4-coated N-BK10-Schott glass prism is described with excellent spectral response and
retardance error of < 3o over the 400-600 nm visible range.
PBSs that use SWS 1-D PCL embedded in a high–index cube prism are demonstrated.
Such PBSs are based on index matching and total transmission of the p polarization and
total internal reflection of the s polarization at the prism-PCL interface at a 45o angle of
incidence, as shown in Chapter 3. Results obtained for two material systems (ZnTe-ZnS and
Ge-Si) in Chapters 4 and 5, respectively, show excellent performance over a broad IR spectral
range, wide field of view, and insensitivity to small errors of the grating filling factor. Also
PBS using the ZnTe-ZnS material system is demonstrated in Chapter 6 for visible spectral
ranges showing high-performance parameters .
A 50–50% CPBS using SWS 1-D PCL embedded in a high-index cube prism is presented
in Chapter 7. Such CPBSs are sensitive to small changes in design parameters, which limits
their practical use.
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